Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s) and / or other copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these rights.
INTRODUCTION
Rainfall variability over southern Africa (SA) has long been the subject of investigation, due in part to the importance of rain-fed agriculture in the region, the arid to semi-arid nature of the climate, and the high degree of interannual and interdecadal variability observed over the region. The nature of such rainfall variability over SA has been investigated on numerous time scales, including the synoptic (Harrison, 1984 (Harrison, , 1986 Diab et al., 1991; Nassor and Jury, 1997; Parker and Jury, 1999) , though interannual (Janowiak, 1988; Jury, 1992 Jury, , 1997 Jury et al., 1992; Nicholson and Kim, 1997; Rocha and Simmonds, 1997; Goddard and Graham, 1999; Landman and Mason, 1999; Cook, 2000; 2001; Nicholson and Selato, 2000; Nicholson et al., 2001 ) to decadal and millennial time scales (Tyson, 1986; Cohen and Tyson, 1995; Stokes et al., 1997; Folland et al., 1998) . For a review of variability on all these time scales see Mason and Jury (1997) .
It is known that a dominant proportion of austral summer (wet season) rainfall over much of SA is derived from synoptic-scale tropical-temperate trough (TTT) systems that extend over both continental SA and the adjacent southwest Indian Ocean (SWIO; Harrison, 1984 Harrison, , 1986 Todd and Washington, 1998; Washington and Todd, 1999) . During TTT events a band of cloud and rain links tropical convection over Africa with transients in the midlatitudes. SA and the SWIO is one of three known preferred locations for such tropical-temperate interaction in the Southern Hemisphere (Streten, 1973) . Unlike its counterparts, namely the South Atlantic and South Pacific convergence zones (SACZ and SPCZ respectively), the SA-SWIO feature, referred to as the south Indian convergence zone (SICZ; Cook, 2000) , is not semi-permanent and exists only during the austral summer months.
Peak summer rainfall in the SA-SWIO region is associated with the ITCZ, located over central SA at about 10°S extending eastward over the Indian Ocean (Figure 1) . A diagonal band of high rainfall extends from central Africa southeastward to the midlatitudes over the SWIO at about 60°E, representing the SICZ (Figure 1) . Studies of the structure of TTT cloud bands (Harrison, 1984 , Todd and Washington, 1998 Washington and Todd, 1999) suggest that this mean rainfall structure reflects the location of these synopticscale systems. Variability in the location and frequency of occurrence of the SA-SWIO TTT cloud band has important implications for rainfall in the region.
Synoptic-scale major TTT events over SA-SWIO result from large-scale planetary circulation patterns. Adjustments to this circulation have considered the planetary wave structure, with variability in wave 5 dominant (Todd and Washington, 1999a) . Large-scale water vapour transport anomalies may also be expected to occur in association with TTTs. Convergent fluxes form a pronounced poleward flux along the cloud band, suggesting that TTT events act as a major mechanism of poleward transfer of moisture (D'Abreton and Lindesay, 1993; Todd and Washington, 1999a) . The significance of TTTs over SA and SWIO in the transfer of energy and momentum between tropical and temperate latitudes has been analysed by Harrison (1984 Harrison ( , 1986 and Palmer et al. (2004) .
There is evidence that the source regions for the poleward flux of water vapour lie well outside the local region (D'Abreton and Todd and Washington, 1999a) . Although the regional water vapour flux patterns associated with interannual rainfall anomalies over continental SA at the monthly scale have been comprehensively described (D'Abreton and Lindesay, 1993; D'Abreton and Tyson, 1995) , no study to date Figure 1 . Mean summer (December-February) rainfall (mm day −1 ) as estimated by the Climate Prediction Center Merged Analysis of Precipitation (CMAP) rainfall product, derived from a combination of satellite infrared and passive microwave measurements, rain-gauge observations and numerical modelled fields (Xie and Arkin, 1997) has objectively identified and quantified water vapour transport or the source and sink regions during TTT events over SA-SWIO. This paper addresses these question using the objective definition of TTT events of Washington (1998, 1999a; Washington and Todd, 1999) in combination with global reanalysis data.
2. DATA AND METHODOLOGY Todd and Washington (1998; Washington and Todd, 1999) conducted empirical orthogonal function (EOF) analysis on 8 years of daily satellite rainfall for each of the austral summer months over the domain bounded by latitude 15-40°S and longitude 7.5-70°E. Rainfall was estimated using the reconstructed geostationary precipitation index (RGPI; Todd and Washington, 1999b) . In the austral summer months of November-January the principal mode of daily rainfall variability is a dipole structure oriented northwest (NW) to southeast (SE) across SA and the SWIO (Figure 2 ). This loading pattern represents the preferred location of TTT features. In February, a single tropical-temperate rain band links central and southeast SA with the SWIO. From the EOF time coefficients, the major extreme positive (negative) events typical of the leading EOF in each month were objectively identified by extracting days with time coefficients above (below) one standard deviation from the mean (Table I, Figure 3 ). These episodes represent the major events associated with the centres of activity of the TTT rainfall dipole structure. Positive events account for a larger portion of rainfall variance than do negative events over eastern SA and the SWIO, and they result in larger rainfall and circulation anomalies (Todd and Washington, 1998; Todd and Washington, 1999a) . Therefore, in this paper we will consider only positive events in each month. During these TTT events, a cloud and rain band is positioned NW-SE extending from eastern SA to the midlatitudes of the SWIO.
These TTT events form the basis of composites for which the mean and mean anomalies of daily vertically integrated water vapour flux are calculated from averages of 12-hourly global analyses (on a 2.5°grid) from the National Center for Environmental Prediction (NCEP) reanalysis project (Kalnay et al., 1996) . In this study, data from the 1000 hPa-300 hPa levels were used and hereafter all references to vapour flux refer to the vertically integrated quantity. The significance of composite anomalies was tested using a t-test. 1986 9, 28 9-14, 22, 23, 30, 31 1, 5-9 6-10 1987 --1-5, 23-26 -1989 4, 10, 16, 27-30 3, 18-20 --1990 24, 25 1-3 7, 11 1991 14-16, 20-22 5 10, 11 10, 14-17 1992 17, 25 24-27 1993 --11-20 2, 8, 11-16, 22-25 The vertically integrated vector water vapour flux is defined as
where the total wind vector v is composed of the zonal and meridional components, q is specific humidity, g is the acceleration due to gravity, p L and p U are 1000 hPa and 300 hPa respectively. This vector water vapour flux can be considered to be composed of scalar rotational and irrotational (divergent) components
where the subscripts ψ and χ denote the rotational and divergent components respectively. The Helmholtz relation (Equation (3)) describes how a vector may be decomposed into its components
wherek represents the vertical unit direction vector, and χ and ∇ represent the vector curl and del operators respectively. The ψ and χ fields of Q can be obtained from Equation (3) through the application of curl and divergence operators respectively:
Solution of Equations (4) and (5) is found using spectral methods, which eliminates the computational problems than can be induced by polar singularities (Adams and Swarztrauber, 1997) . The resulting scalar fields are commonly known as the streamfunction ψ and velocity potential χ fields. In the Southern Hemisphere, vapour transport is defined as cyclonic (anticyclonic) around streamfunction maxima (minima). Positive (negative) velocity potential values indicate water vapour divergence (convergence) and this transport occurs perpendicular to χ contours and is proportional to the local χ gradient. Water vapour divergence can be related to the water budget through
where E is evaporation and P is precipitation. Over extended periods (such as the composite periods defined for this study) χ is, therefore, an indicator of water vapour sources (E > P ) and sinks (P > E) and effectively balances the deficit between local evaporation and precipitation (Chen, 1985; Piexoto and Oort, 1991) . Washington and Todd (1999)) 3. RESULTS
Mean structure of water vapour and transport during austral summer
During the austral summer months, the streamfunction component is larger than the divergent field (Figure 4 (a) and (b)) such that total water vapour flux is well represented by the former (Chen, 1985) . This rotational component of water vapour flux in the Southern Hemisphere is dominated by three centres of anticyclonic flow located over the subtropical latitudes of the Pacific, Atlantic and Indian Oceans (Figure 4(a) ). The anticyclonic circulation over the Indian Ocean extends eastwards over continental subtropical SA. Mean atmospheric water vapour is concentrated in the tropics primarily in three regions: the equatorial west Pacific, indicates an easterly vapour flux into SA equatorward of 30°S from the Indian Ocean region. This converges with a weaker northerly flux over tropical SA centred on 12°S, which results from a weak cyclonic circulation centred over western SA near 12°S, associated with the ITCZ. As the austral summer progresses, this feature becomes more pronounced, resulting in a westerly vapour flux over tropical SA in February (not shown). The annual seasonal cycle (not shown) results in other subtle, but important, differences between austral summer months over SA-SWIO. Of particular relevance is the progressive eastward displacement from early to late summer of the south Indian Ocean subtropical high (IOH), which weakens the anticyclonic circulation over SA.
Water vapour circulation associated with TTT events
3.2.1. Early summer. The rainfall EOF structure in the early summer months of November and December is remarkably similar, differing only in the detail of the TTT location. These months are therefore discussed together, using November as an exemplar. During November TTT events, the cloud bands extend from eastern SA (near 15°S, 30°E) across Mozambique out to the SWIO to provide a band of positive rainfall anomalies oriented NW-SE (Figure 5(a) ). This rain band is located under a lower level anomalous trough extending from the tropics into the midlatitudes (Figure 5(a) ) associated with an anomalous ridge-trough-ridge structure across the region. This wave structure over SA-SWIO is baroclinic, such that the rain band lies at the leading edge of the trough at upper levels (not shown). A pronounced poleward water vapour flux occurs between 0°N and 50°S driven by three main paths of anomalous water vapour flux (Figure 5(a) ), namely: (a) a northerly flux from the northern Indian Ocean linked to a coherent zonal easterly flux between 120 and 45°E centred on , 0°N) , where the normally intense water vapour convergence is heavily suppressed. Anomalous divergence also occurs over the tropical Atlantic centred near 15°N, 15°W, where the mean divergence is already strong. This anomalous divergence also extends over the region of vapour convergence over South America. Remarkably, most of the Southern Hemisphere poleward of 40°S experiences anomalous and absolute (not shown) vapour flux convergence.
The composite anomaly ψ field shows an enhanced anticyclonic circulation in the Indian Ocean centred on 5°S, extending poleward into the midlatitudes (Figure 7(a) ). This occurs due to an intensification of the IOH, which is displaced northeastward from its mean position. The mean anticyclonic circulation weakens over eastern South Africa and the Mozambique Channel to the south such that a pronounced anomalous cyclonic flow associated with the TTT is apparent. Along the TTT axis composite mean streamfunction exceeds the divergent flux by almost an order of magnitude (not shown), but the anomalous fluxes are of a similar magnitude (Figures 6(a) and 7(a) ).
Hovmoeller plots of χ composites (Figure 8) show that water vapour divergent flux exhibits a pulsing at approximately 5-day intervals in the latitude bands centred on 10°N and 10°S. Within the band centred on 10°S a major intensification of divergence centred on 10°W and convergence on 40°E develops, beginning around 1 day prior to the TTT event. The eastward propagation of the convergent water vapour flux in the bands centred on 40°S and 50°S can be traced for up to 8 days prior to the TTT event, but a major intensification also occurs 1 day prior to the TTT event. A weakening of divergence over the source region in the eastern tropical Atlantic occurs in association with the dissipation of the TTT system.
Late summer.
Both the daily rainfall EOF loading patterns and the structure of water vapour flux differ between January and February, such that these will be considered separately. 
January:
During January TTT events, positive rainfall anomalies extend NW-SE from the Great Lakes region of East Africa out to the SWIO (Figure 5(b) ). As in early summer, this rain band is coincident with a low-level anomalous trough extending from the tropics into the midlatitudes (Figure 5(b) ), associated with a baroclinic ridge-trough-ridge wave structure at upper levels (not shown). January water vapour flux anomaly composites (Figure 5(b) ) are similar to those discussed for early summer, but with some important differences. First, there is a more southerly location of the anomalous easterly water vapour flux across the Indian Ocean (centred on 15°S rather than 5°N in November). Second, the anomalous westerly flux from western SA near 10°S is strengthened such that the flux is westerly in absolute terms (not shown). Consequently, convergence of moisture occurs near 10-20°S and 55°E, somewhat further east than in early summer ( Figure 5(b) ).
As in early summer, the TTT region is characterized as a zone of absolute vapour flux convergence (not shown) and convergent flux anomalies (Figure 6(b) ), extending from eastern tropical SA near Lake Malawi to the SWIO along the TTT rain band. However, this occurs in conjunction with larger convergent anomalies in a broad zone across the tropical Indian Ocean to 120°E. These anomalies are coincident with positive rainfall anomalies over the eastern Indian Ocean (Figure 5(b) ) not directly associated with TTT systems over SA-SWIO, such that the χ anomaly field over the Indian Ocean does not reflect TTT systems as clearly as in other months. Anomalous vapour flux divergence is again observed over the tropical Atlantic and South American sector (centred near 10°N, 50°W) and also over the equatorial central Pacific region, centred on 15°S, 160°E. As in early summer, there is hemispheric-wide anomalous and absolute (not shown) convergence throughout the mid and high latitudes of the Southern Hemisphere. Hovmoeller plots (not shown) indicate a temporal variability in the intensity of divergence over the eastern tropical Atlantic region (centred on 10°N) similar to that during November positive events.
The ψ anomaly field (Figure 7(b) ) is dominated by a large and pronounced cyclonic cell centred over the Mozambique Channel, extending NW over tropical east SA to west SA at 10°S (far to the north and west of that in early summer) and SE into the SWIO. The IOH is displaced westward and is intensified such that anomalous anticyclonic circulation occurs at 75°E. These circulation cells combine to produce a pronounced anomalous poleward transport of water vapour away from the zone of anomalous convergence in tropical east SA and the SWIO.
February:
The TTT rain band links central and southeast SA (extending further west than in January) with the SWIO (Figure 5(c) ). This is associated, characteristically, with negative low-level (and upper-level) geopotential height anomalies, with the TTT rain band over the SWIO located at the leading edge of the upper-level disturbance (not shown). Water vapour flux anomalies ( Figure 5(c) ) are similar to other months described here, except that the anomalous moisture flux into the TTT region emerges largely from only two regions, namely the Indian Ocean and tropical SA, centred on 12°S. The main convergence of moisture is east of Madagascar, near 60°E. The χ field (Figure 6 (c)) shows vapour convergence over the TTT region as in the other months studied. Divergent vapour flux anomalies (Figure 6(c) ) are greatest over the maritime continent (similar to November), and a centre of weaker anomalous divergence occurs over the Congo basin centred on 25°E, 5°S. The rotational component of the water vapour circulation (Figure 7(c) ) is similar to January positive events
DISCUSSION
The results of this study provide new insights into relationships amongst the atmospheric circulation, water vapour flux and rainfall over SA and the SWIO region. The work is novel in terms of the nature of the data and sampling basis. Using daily satellite rainfall estimates over both land and ocean, together with the NCEP reanalysis data, we are able to resolve specific synoptic conditions (representing the dominant rainfall systems in the region) and the associated atmospheric circulation structure. This contrasts with numerous previous studies in which rainfall data over SA are used as the basis for sampling anomalously wet or dry conditions over the continent only.
Composite analysis reveals that TTT rain bands over SA-SWIO are zones of pronounced water vapour convergence extending from equatorial SA to the midlatitudes, in accordance with the suggestions of Harrison (1984 Harrison ( , 1986 . This vapour sink supports the deep convection and rainfall anomalies observed during TTTs. Previous work (Chen, 1985) indicates that the divergent component of the standing mode of water vapour transport maintains the high levels of precipitable water and rainfall observed over equatorial SA. This represents the regional Walker circulation. Our results suggest that TTT events are associated with an increase in the intensity of the African Walker cell, with enhanced water vapour convergence over tropical SA.
Water vapour converging over equatorial SA is transported poleward along the TTT cloud band through a coupling of cyclonic circulation to the west and by an anticyclonic circulation to the east of the TTT axis. Maximum poleward transport occurs along the leading easternmost edge of the temperate disturbance, as suggested by Harrison (1986) . This circulation is largely represented by the vapour streamfunction. The anomalous streamfunction component flux consists of an anomalously strong IOH, displaced eastward from its mean position, and a cyclonic circulation located over the continent (where the midlatitude transient links with the continental low). That the cyclonic circulation over central continental SA is associated with a convergence of water vapour may indicate the importance of water vapour to the maintenance of this circulation.
As a proportion of the respective mean values, anomalies in the divergent flux are far greater than those of the streamfunction. Chen (1985) calculated that the poleward transport of vertically integrated water vapour is carried out essentially by the transient component of the circulation and that this is described largely by the divergent component with a maximum in the midlatitudes. The composites associated with TTT events also show a convergent flux into the mid and high latitudes, confirming the role of TTTs over SA in this process. Indeed, the reorganization of the divergent vapour flux field globally during these TTT events is remarkable. There are major adjustments to the Walker circulation globally, with anomalous divergence observed over the net vapour sink regions of the west and central Pacific Oceans and South America, and a pronounced vapour convergence throughout the high latitudes of the Southern Hemisphere.
Comparison of the individual summer months highlights important seasonality in the nature of TTT events and the associated water vapour transport fields. TTT events during late summer months tend to have a preferential location over the SWIO associated with the eastward progression of the IOH over the summer season, and increased thermal forcing of an upper-level westerly wave over SA, whose leading edge lies over Madagascar in high summer (Harrison, 1986) . Development of a continental low over western tropical SA in late summer enhances the low level westerly flow from western SA at 10°S, facilitating anomalous water vapour convergence over eastern SA. This links with the TTT cloud band, such that the resulting feature extends further west over SA than in early summer. During February, water vapour convergence is supported by anomalous divergence over western SA. Therefore, in agreement with D'Abreton and we can infer that the role of tropical circulation in controlling water vapour transport in late summer is greater than in early summer when the midlatitude circulation dominates. The results support the conclusion of D'Abreton and , that TTT cloud bands emerge from a coincidence of tropical and midlatitude disturbances and depend upon specific fields of water vapour divergence (convergence) over the tropical oceans (Africa) to maintain the necessary moisture into the system. This study uncovers only limited evidence of divergence over the Indian Ocean north of Madagascar as a key source region in maintaining water vapour in tropical Africa, as identified by D'Abreton and Tyson (1995) during both wet early and late summers over SA. The dominant feature in all TTT events is anomalous divergence over the maritime continent/west Pacific combined with weaker anomalous divergence over the tropical SE Atlantic. This structure of water vapour transport during positive events is broadly in line with model simulations of the mean December SICZ feature (Cook, 2000) . In addition, the results of D'Abreton and indicate that dry conditions over SA are associated with a northward non-divergent transport of converged water vapour, in contrast to the structure of positive events here. The differences between these findings and those of D'Abreton and are likely to result from the respective sampling used. Whereas this study resolves major TTT events explicitly, the D'Abreton and study considers wet and dry months over SA, to which TTTs make only a partial contribution.
SUMMARY AND CONCLUSIONS
It is now well established that TTT systems are the dominant rain-producing synoptic type over SA and the SWIO, and that they represent an important mechanism of poleward transport of energy, water vapour and momentum (Harrison, 1986; Todd and Washington, 1998; Washington and Todd, 1999; Palmer et al., 2004) . The significance of both tropical and extratropical dynamics in the development of TTT cloud bands has been demonstrated (Todd and Washington, 1999a) . This paper provides further insight into the transport of water vapour in TTT systems during the austral summer months, derived from an objective sampling basis of land and oceanic rainfall. We calculate the rotational (streamfunction) and divergent components of vertically integrated water vapour transport. The total flux is largely accounted for by the streamfunction, but the divergent component is related to rainfall through the water balance equation.
The results indicate that major TTT events involve a pronounced poleward flux of water vapour along the rain band axis from the tropics deep into the midlatitudes. This transport is largely described by the streamfunction, which features an enhanced anticyclonic circulation to the east of the rain band (around a displaced IOH), combined with a cyclonic circulation to the west, extending from 10°S into the midlatitudes. TTT events emerge as large features of net water vapour convergence extending from equatorial SA to the midlatitudes. As such, the divergent circulation maintains the water vapour necessary for rainfall along the rain band.
Indeed, adjustments to the divergent component are relatively more important than those in the streamfunction. The enhanced water vapour convergence over tropical SA and the SWIO during TTT events is associated by adjustments to the Walker circulation, most notably involving anomalously weak convergence over the maritime continent and west Pacific. Moreover, vapour convergence occurs throughout the high latitudes of the Southern Hemisphere. It has been suggested that rainfall over SA is likely to be driven by one or both of the other three (larger) zones regions of Southern Hemisphere summer convection (Tyson, 1986) . We show that TTT events are associated with enhanced divergence in the primary source region over the SE tropical Atlantic but that the greatest anomalies occur east of SA over the maritime continent and west Pacific, where convergence is heavily suppressed.
